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Glycerol-water mixtures were studied at molar con-
centrations ranging from xgly = 1 (pure glycerol)
to xgly = 0.3 using shear mechanical spectroscopy.
We observed a low frequency mode in neat glycerol,
similar to what is usually reported for monohy-
droxy alcohols. This mode has no dielectric coun-
terpart and disappears with increased water con-
centration. We propose that the hydrogen-bonded
network formed between glycerol molecules is re-
sponsible for the observed slow mode and that wa-
ter acts as a plasticizer for the overall dynamics and
as a lubricant softening the hydrogen-bonding con-
tribution to the macroscopic viscosity of this binary
system.
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I. INTRODUCTION
Hydrogen bonds play an important role in biology as
well as technology. They govern the chemical and phys-
ical properties of bulk water, alcohols and sugars [1–3],
they play a central role in protein and DNA structures as
well as being central in water interactions in other mate-
rials [4]. For this reason there is intense scientific focus on
understanding the hydrogen bonds. Glycerol (propane-
1,2,3-triol) is a small molecule with three hydroxyl groups
which supports the forming of a 3D hydrogen-bonded
network penetrating the bulk liquid. It is the most used
liquid in fundamental studies of glassy dynamics, e.g.
Refs. [5–10], as well as being widely used in technol-
ogy, notably due to its cryoprotectant properties [11–
13] which are intimately connected to its large affinity
to form hydrogen bonds. In this respect it is important
to gain an understanding of the interaction between the
glycerol hydrogen-bonded network and water not only
from a fundamental point of view but also for unraveling
the mechanisms behind the antifreezing effect of glycerol
[14, 15].
Hydrogen-bonded molecules inherently comprise
atoms with large electronegativity contrast and thus
exhibit large electric polarizability, meaning that they
have a strong signal in dielectric spectroscopy (DS). DS
has therefore been widely used to study the dynamics of
hydrogen-bonded liquids particularly in the supercooled
regime. The dielectric properties of glycerol have been
studied in an extremely broad dynamic range [16] and
from its boiling point down to cryogenic temperatures
[17]. In the supercooled regime its dielectric loss
spectra are dominated by the structural relaxation
process which can be fitted very well by a single-peak
function. In this respect glycerol resembles the behavior
of non-associated, van der Waals liquids. Glycerol-water
mixtures are also extensively studied with DS [14, 18–22]
and also in this case the dielectric signal show no obvious
signature of the hydrogen bonding association.
On the other hand, many alcohols with a single hy-
droxyl group per molecule (monoalcohols) display a much
more complex dielectric pattern including an absorb-
tion mode which is slower than the structural relaxation,
the so-called Debye process [23–25]. Currently there is
a widespread contention that the Debye dynamics in
monoalcohols is related to the formation of hydrogen-
bonded supramolecular structures of polar short chains
which for certain systems be converted to non-polar rings
at temperatures well above Tg as illustrated by the tem-
perature dependence of the Kirkwood correlation factor
[26]. The hydrogen-bonded structures can also give rise
to an additional peak in the static structure factor at
low Q-vectors [25, 27], although the reverse is not true,
a prepeak in the structure is not systematically associ-
ated with a slower than structural relaxation feature in
the dynamics [28, 29]. The family of liquids displaying a
dielectric Debye process [30] includes, besides monoalco-
hols, secondary amides [31], protic ionic liquids [32], and
several pharmaceuticals [33, 34].
The Debye process was for a long time considered
merely a dielectric feature [35], however recent rhe-
ology shear [36] and bulk modulus [37] experiments
studies have demonstrated otherwise: Low molecu-
lar weight monoalcohols exhibit slower-than-structural-
relaxation dynamics otherwise considered specific to co-
valently bonded structures. For polymeric melts it is
well established that the entropic elasticity of covalently
bonded structures leads to the emergence of slow me-
chanical modes which govern their steady-state viscosity
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2and implicitly their macroscopic flow [38].
Such polymer-like mechanical dynamics was mainly
discussed in literature for monoalcohols, but more recent
investigations have also discovered it in an amine system
[39]. Important for the present context is that although
amine systems are also able to sustain hydrogen bonds,
the slow rheology process was found to not have a dielec-
tric counterpart, contrary to the situation for monoalco-
hols. The systematic of the separation between Debye
and alpha process seen in dielectrics is apparently con-
served in the rheological signal for some systems [36, 37]
while the correlation is less clear in a study of the N -
methyl-3-heptanol series (N = 2, ... , 6) [40]. These ob-
servations suggest that mechanical spectroscopy is a im-
portant complementary technique which can offer a dif-
ferent perspective, thus shed new light in the dynamical
signatures of hydrogen-bonded structures in liquids.
To our knowledge this type of slow mechanical mode
has not so far been identified in polyalcohols. In this
paper we present data on glycerol and glycerol rich
glycerol-water mixtures obtained with broadband shear
mechanical spectroscopy revealing a slow contribution to
the spectral density, which we ascribe to the dynam-
ics of the hydrogen-bonded network. The strength of
this slow mode decreases with increasing the water con-
tent and virtually disappears at equimolar composition,
xgly = 0.5, corresponding to 20 volume percent of water.
This indicates that water significantly changes the prop-
erties of the glycerol hydrogen-bonded network. Our data
demonstrate that the shear mechanical spectra are able
to reveal aspects of the relaxations dynamics in hydrogen-
bonded materials which give no contribution to the di-
electric signal.
II. EXPERIMENTS
The glycerol-water mixtures were prepared using water
from an Arium R©611 ultrapure water system and glycerol
from Sigma Aldrichs at 99.9% > purity. The concentra-
tions used were xgly = 1, 0.8, 0.7 0.6 0.5 and 0.3. Table
I gives an overview of the concentrations used. For the
measurement on neat glycerol the sample was loaded into
the cell under nitrogen atmosphere in order to avoid up-
take of water from the air.
TABLE I: Overview of the concentrations used.
mglycerol mwater x
mol
gly x
vol
gly x
weight
gly
6.3183 0 1 1 1
6.3152 0.3081 0.7999 0.9419 0.9533
6.3045 0.5282 0.7004 0.9046 0.9228
6.3082 0.8225 0.6000 0.8589 0.8846
6.3230 1.2324 0.5002 0.8024 0.8365
6.3388 2.8766 0.3012 0.6362 0.6878
The employed experimental method is the “piezoelec-
tric shear-modulus gauge” (PSG) technique [41] cover-
ing the frequency range from mHz to kHz corresponding
to timescales ranging from ca. 100 seconds to ca. 10
microseconds. The measured quantity is the complex
frequency-dependent shear modulus G∗(ν) = G′(ν) +
iG′′(ν) defined for a harmonic oscillation stress and strain
by
G∗ =
σ0
γ0
eiδ (1)
where σ0 and γ0 are the amplitudes of the stress and
strain respectively and δ is the phase difference between
stress and strain. The complex modulus will have an
imaginary part whenever δ 6= 0. Data were measured
upon cooling in the range from roughly 30 degrees above
Tg down to Tg in steps of a couple of degrees.
III. RESULTS AND ANALYSIS
A. Raw data and temperature dependence
In Fig. 1 we show the frequency dependence of the
real and imaginary part of the shear modulus plotted
on linear y-scales, for neat glycerol and two out of the
five investigated mixtures. The real part of the shear
modulus goes to zero at low frequencies indicative of the
viscous flow, while it reaches a finite value at high fre-
quencies, because the liquid behaves like a solid at short
time scales. The transition between the viscous and the
elastic behaviors gives rise to a peak in the imaginary
part, commonly referred to as the loss peak. The loss
peak moves to lower frequencies as the liquid is cooled
and the solid-like limiting behavior will fill the entire fre-
quency range when the liquid reaches the glass transition
temperature.
In Fig. 2(a) we show the evolution of the frequency
of the loss peak maximum, νmax, with temperature. In
this representation it becomes clear that adding water to
glycerol has a plasticizing effect, as for a given tempera-
ture it increases the loss peak frequency. This behavior
is consistent with the dielectric measurements [14, 19].
The water-induced increase in the overall molecular mo-
bility render a lower glass transition temperature, Tg, in
harmony with previous results obtained from differential
scanning calorimetry performed on the same mixtures
[43]. In the following we will introduce T shearg as the
temperature at which the modulus loss peak frequency
νmax reaches 30 mHz. This frequency is chosen to avoid
extrapolation and corresponds to a relaxation time of
5 seconds. By such means one is able to compare the
current results with those previously obtained via com-
plementary techniques, as done in Fig. 3. Here Tg-data
from other methods are added to the phase diagram of
the glycerol-water mixture.
In Fig. 3 one may note that the lowest glycerol con-
centration considered in the present study is close to the
eutectic point of this mixture, which occurs at a glycerol
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FIG. 1: The complex shear modulus for three of the six
concentrations studied. Temperatures shown for
Xgly = 1 range from 190 K to 210 K in step of 4 K, for
Xgly = 0.6 from 175 K to 205 K in step of 5 K, and for
Xgly = 0.3 from 165 K to 190 K in step of 5 K. The
black lines are fits of the data to an extended Maxwell
model presented in Ref. [42]. An example of the fits on
a log-log scale is shown in Fig. 5(c).
molar concentration of xgly = 0.28. In the investigated
concentration range the decrease in Tg occurring upon
lowering xgly mirrors the depression of melting tempera-
ture, TM , as the two characteristic temperatures comply
well with the empiric proportionality Tg/TM ≈ 2/3 [44].
Returning now to Fig. 2, panel (b) depicts the loss peak
frequencies on a reduced temperature scale. In particu-
lar, for each concentration the inverse temperature axis is
multiplied by the corresponding value of T shearg . One can
easily observe that such a scaling render a good overlap of
all the data sets, disregarding the water concentration. In
other words, the relative temperature dependence of the
relaxation time, which can be quantified by the fragility
m = d log τ/d(Tg/T ) [45], is surprisingly unaffected by
the addition of water.
B. Spectral shape and slow mode
In order to study the variation of the spectral shape
with water content we plot the data from Fig. 1 on a
logarithmic scale, and normalize with respect to both
the loss peak frequency, νmax, and the amplitude of the
signal.
This is done in Fig. 4(a) and 4(b) which contain for
clarity reasons a single spectrum for each investigated
concentration. The corresponding temperature was cho-
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FIG. 2: Relaxation map for the investigated
glycerol-water mixtures. (a) Loss peak frequencies as a
function of temperature for the different concentrations.
The plasticising effect of water lowers Tg and shifts the
curves to lower temperature with increasing water
content. (b) All curves collapse when plotted against
inverse temperature scaled with Tg (defined as the
νmax(Tg) = 30 mHz and shown by the dashed line).
Thus the temperature behavior of the relaxation time is
surprisingly similar across the concentration range
explored here.
sen so that the relaxation time of the different materials
roughly coincide. All spectra clearly exhibit at lowest
frequencies the G′′(ν) ∝ ν and G′(ν) ∝ ν2 power laws
which are characteristic for viscous flow [49]. However,
for the neat glycerol as well as for the mixtures with high-
est glycerol concentrations a low frequency shoulder can
be identified in both the real and the imaginary parts
before the viscous flow sets in. This spectral contribu-
tion which is slower than the structural (alpha) relax-
ation strongly resembles the mechanical mode which is
discussed for monoalcohols in connection with the for-
mation of hydrogen-bonded supramolecular structures.
To further strengthen this point, we have included
for comparison the liquids 2-ethyl-1-hexanol (2E1H) and
tetramethyl-tetraphenyl-trisiloxane (DC704) to Fig. 4(a)
and 4(b). 2E1H is a paradigmatic monoalcohol which
is known to exhibit a supra-molecular relaxation clearly
seen as distinct slow mode in the mechanical spectra as
well as a strong Debye signal in the dielectric spectra
[36], while DC704 is a van der Waals liquid with no addi-
tional modes and a “simple” behavior in general [50, 51].
As observed in Fig. 4(a) and 4(b) the shape of the me-
chanical spectra of the glycerol-water mixtures fall be-
tween the spectra of these two liquids, with neat glycerol
being closer to 2E1H, while the glycerol-water mixtures
resemble more DC704 with the increase of water con-
tent. Accordingly, neat glycerol behaves like a liquid with
supramolecular structure dynamics while adding water
makes it behave more like a liquid devoid of supramolec-
ular associations.
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FIG. 3: The glass and melting transition temperatures
as a function of glycerol concentration. The eutectic
point occurs at Xgly = 0.28 (melting point data from
Ref. [46]). Glass transition temperatures roughly obeys
the 2/3 rule in the range of concentrations explored in
this work (all above the eutectic composition). The Tg
curves depend slightly on the method of determination:
calorimetric curves – differential scanning calorimetry
(DSC) and thermalization calorimetry (TC) – are
higher than the dielectric and shear, but follow the
same trend. DSC data are from Ref. [47] and [14].
Dielectric data are found in Ref. [21], where the Tg is
defined as τ(Tg) ≡ 100 s. Shear data are from this work
using Tg defined in Fig. 2. TC data are obtained by the
method described in Ref. [48].
In Fig. 4(c) and 4(d) we show the normalized imagi-
nary part of all the shear spectra (this work) and the cor-
responding dielectric loss spectra (data from Ref. [14]).
The scaled data are presented in arbitrary units, as for
each concentration has been given an offset to make com-
parison of the concentrations easier. Clearly no low-
frequency Debye mode is visible in the dielectric spec-
trum of glycerol nor any of the studied glycerol-water
mixtures. Thus, whatever mechanism is responsible for
the observed slow rheological mode is not giving rise to a
net electric polarization. This is markedly different from
the situation for monoalcohols where a strong dielectric
signal emerges due to collective dynamics of the individ-
ual (molecular) dipoles [25].
In order to quantify the degree of separation between
the mechanically active slow mode and the alpha relax-
ation we introduce the classical Maxwell time given by:
τM =
η0
G∞
(2)
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FIG. 4: The spectral shape of glycerol and its mixtures
with water. (a)+(b) Real and imaginary part of the
normalized shear modulus of a single spectrum for each
concentration. For comparison we have added the
liquids 2-ethyl-1-hexanol (2E1H) and
tetramethyl-tetraphenyl-trisiloxane (DC704) (data from
Ref. [36] and Ref. [50]). (c)+(d) Normalized TTS plots
of the loss peak of all the shear spectra (this work) and
the dielectric spectra (data from Ref. [14]). Each
concentration has been given an offset to make
comparison between the concentrations easier. Clearly,
the spectral shapes in shear and dielectric are quite
different (see also Fig. 6) as is their evolution with
concentration.
where η0 and G∞ are given by the limiting behaviors:
η0 ≡ lim
ω→0
(G′′(ω)/ω) (3)
G∞ ≡ lim
ω→∞(G
′(ω)) . (4)
In the simplest case, corresponding to exponential re-
laxation in the time domain, one has 2piνmax τM=1. For
van der Waals liquids we have also found that this rela-
tion holds to a good approximation. On the other hand,
the two time scales, 1/(2piνmax) and τM , are separated
by an order of magnitude for the monoalcohols display-
ing a clear signature of the polymer-like slow mode [36].
Thus 2piνmax τM is a decoupling index and deviations
from 2piνmax τM = 1 quantifies the separation of the two
5timescales. The Maxwell relaxation time, τM , correspond
to the slowest mode in analysis. To determine τM one
needs to experimentally reach the low-frequency terminal
mode and to reliably estimate the high frequency plateau
of the real part. Since we are restricted in our frequency
window we can not resolve both limiting regimes for all
the temperatures. In practice, we obtain τM from the fits
shown in Fig. 1. The model function has τM as one of
the parameters and is able to describe the low-frequency
mode in the data (see Fig. 5(c)).
In Fig. 5(a) the separation of the two relaxation times,
defined as log (2piνmax τM ), is shown for all the investi-
gated concentrations. For comparison we again show the
results of the van der Waals bonded liquid DC704 and
the monoalcohol 2E1H. The first observation is that the
separation between the two time scales decreases with in-
creasing water content. This becomes even clearer in Fig.
5(b) where the separation is shown as a function of con-
centration for spectra with their loss peak frequency close
to 100 Hz. There is a sudden drop in time-scale separa-
tion between xgly = 0.6 and xgly = 0.5. Another observa-
tion from 5(a), is that at concentration above xgly = 0.5
the time-scale separation appears to have a temperature
dependence, with the separation increasing as the tem-
perature decreases. In other words the time-temperature
superposition (TTS) does not exactly hold for the dy-
namics slower than the alpha process, which can also be
seen if one looks carefully at Fig. 4(c). A zoom af the
neat glycerol data is depicted in Fig. 5(d) in order to
show the deviation of TTS directly in the spectra.
Regarding the slow mode our results can be summa-
rized as follows: We demonstrate the presence a slow rhe-
ological mode in neat glycerol. This mode gradually dis-
appears with addition of water. The separation between
the slow mode and the structural relaxation time scales
drops dramatically between xgly = 0.6 to xgly = 0.5.
Above xgly = 0.5 the time scale separation increases with
decreasing temperature. Below xgly = 0.6 it is constant
or slightly decreasing with decreasing temperature.
C. High frequency behavior
Another interesting observation, arising when compar-
ing the shear mechanical spectra to the dielectric ones,
relates to the high frequency flank of the spectrum. The
dielectric alpha relaxation peak of glycerol is often re-
ported to be relatively narrow compared to van der Waals
liquids, as the high frequency flank of the dielectric spec-
tra is steeper [52]. However, in the shear modulus loss
spectrum the high frequency slope in the double loga-
rithmic plot is close to −0.4 indicating a rather broad
underlying distribution of shear relaxation times. Note
that the shear data in Fig. 4(c) and the dielectric data
in Fig. 4(d) have the same scale on the frequency axis.
It is obvious, that the two different response functions
are characterized by different degrees of stretching. This
is unlike the case of the van der Waals liquid DC704
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FIG. 5: Decoupling between the two timescales
1/(2piνmax) and τM . (a) Decoupling index as a function
of loss peak frequency. For xgly ≥ 0.6 the decoupling
index decreases slightly with temperature. For
xgly ≤ 0.5 it is constant or perhaps slightly increasing.
For comparison the decoupling index of DC704 and
2E1H is shown. (b) The decoupling index evaluated at
a loss peak frequency close to 100 Hz as a function of
glycerol concentration. The index is increasing as a
function of concentration with a dramatic change
between xgly = 0.5 and xgly = 0.6. Lines are guides to
the eye that highlight the different trends in the two
regions. (c) Illustrating for a single neat glycerol
spectrum the difference between the loss peak frequency
and the fitted Maxwell time. Circles are data points,
the full line is the fit. (d) Zoom of the neat glycerol
curves in Fig. 4 showing the deviation from TTS.
where the dielectric and shear mechanical loss peaks can
barely be distinguished when plottet in this normalized
form [50]. This striking difference between glycerol and
DC704 is depicted in Fig. 6.
As observed in Fig. 4(a) a second high frequency relax-
ation process becomes clearly visible for xgly = 0.3 sep-
arating from the main relaxation peak with decreasing
temperature. This mode is absent in the shear mechan-
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FIG. 6: Comparison of shear and dielectric spectral
shapes for (a) neat glycerol and (b) DC704. For glycerol
the spectral shapes are very different: the dielectric
spectrum is narrow and steep while the shear
mechanical spectrum is broad due to the low frequency
shoulder and a less steep high frequency slope. In the
case of DC704 the observation is the opposite; dielectric
and shear mechanical spectra for DC704 are nearly
indistinguishable. This shows that for some liquids
different probes reveal very different behavior.
ical spectra, and thus has a completely different behav-
ior from high frequency beta-relaxations in neat systems,
which are more pronounced in the shear mechanical spec-
tra than the dielectric spectra for all systems studied so
far [50, 53, 54].
IV. DISCUSSION
A. Neat glycerol
The shear spectra of glycerol resolve an enhanced low
frequency stiffness which is not present in non-associating
molecular liquids. On the other hand, the spectral shape
of its corresponding dielectric susceptibility lacks the
complexity of mono-alcohols. Could it be that in the case
of glycerol one encounters slow dynamics which is rheo-
logically, yet not dielectrically active? A similar behavior
was reported by some of us for 2-ethyl-1-hexylamine [39],
and to address this question one has to understand in
the first place what kind of structural foundation may
support the emergence of the dielectric Debye mode.
For monoalcohols a general agreement has been already
established that they form quasilinear supramolecular
structures with the backbone formed by the hydrogen-
bonded hydroxyl groups [25]. Corroborating the magni-
tude of the dielectric strength with this kind of topology,
one may rationalize that in monoalcohols the supramolec-
ular clusters can occur as chains or rings, depending on
steric hindrance of OH-groups. The n-alcohols with the
OH-groups located at the extremity of the molecules are
able to sustain moderately long chains. From the di-
electric perspective these chains can be represented as
“end-to-end” dipole moments resulting from the vector
summation of the individual dipole moments along the
backbone. The fluctuations of these mesoscopic dipoles
are often considered to be the origin of the Debye mode
which resemble to a certain extent the situation of di-
electric normal modes in type A polymers [55]. Within
these structural considerations one may understand why
a similar dielectric Debye mode is not generated in glyc-
erol: with the possibility of several hydrogen bonds per
molecule any preference in the direction of local associ-
ation vanishes and so does the effective dipole moment,
contrary to the situation for monoalcohols.
Continuing with the analogy to polymeric behavior it
is elucidating to compare our results to the results of Ref.
[56] where the mechanical signature of a linear polymers
is compared to that of dendrimers. While the linear poly-
mers displayed a slow mode clearly separated from the
alpha-relaxation and a distinct rubber plateau in the real
part of the shear modulus, the dendrimers only display
reminiscence of the Rouse dynamics in terms of a low
frequency shoulder on the mechanical loss peak. The dif-
ference in the mechanical spectrum of mono-alcohols and
glycerol clearly mimics the behavior seen for linear poly-
mers and dendrimers depicted in Fig. 4 of Ref. [56]. The
monoalcohol as the linear polymer exhibits a clearly sep-
arated mode, while in glycerol and dendrimers there is
only a shoulder. This observation supports the interpre-
tation above, namely that the slow mode and the dielec-
tric Debye-signal in monoalcohols are due to dynamics
associated with a linear structure formed by hydrogen-
bonds, while the slow mode in glycerol is associated with
the branched hydrogen-bonded structures.
B. Glycerol-water mixtures
The slow polymer-like rheological mode which we ob-
serve in glycerol decreases in significance as water is
added and effectively dies out at equimolar composition.
Under the assumption that the slow mode is due to dy-
namics of supramolecular hydrogen-bonded structures as
argued above, this tells us that water drastically changes
the hydrogen bond structures and/or their dynamics.
There are several works in literature on the structure of
water-glycerol mixtures, and though most of these stud-
ies are carried out at or close to room temperature we
will use these to guide our interpretation of our findings.
Maybe the most basic structural finding from litera-
ture is that the glycerol-water mixtures have a negative
excess molar volume [57], which means that the total vol-
ume decreases upon mixing. The excess molar volume
has a minimum close to xgly ≈ 0.3 coinciding with the
minimum in the melting transition temperature (Fig. 3).
The negative excess molar volume indicates that there is
an increased packing efficiency as the water concentration
increases in the range studied in this work. Moreover, it
has been shown that the internal structure of glycerol
itself changes when mixed with water [58], which might
also have a direct effect on the molecular packing effi-
7ciency.
Towey et. al. used neutron scattering in combination
with Reverse Monte Carlo (RMC) simulations to study
the hydrogen-bonded structure in glycerol [59] as well as
in glycerol-water mixtures [60–63]. They find that in neat
glycerol each molecule forms on average 5.68 ± 1.51 hy-
drogen bonds, while for neat water the average number of
hydrogen bonds per molecule is about 3.56±1.10. Mixing
water and glycerol preserves to a large extent the num-
ber of hydrogen bonds per molecule although the num-
ber of glycerol-glycerol hydrogen bonds decreases pro-
gressively as they are replaced by glycerol-water bonds,
so the hydrogen-bonded structure changes.
We assume that the changes we see in the mechan-
ical spectra among the different compositions must be
due to changes in the dynamics of the concentration de-
pendent hydrogen-bonded network. The sudden change
at glycerol concentration 0.5 < Xgly < 0.6 suggests a
qualitative change of the network behavior around this
concentration. Indeed, in Ref. [63] Towey et al. studied
the cluster size distribution and revealed that percolating
water clusters are found at mole fractions xgly = 0.5 and
below, while percolating glycerol clusters are found from
xgly = 0.25 and above. As mentioned above, one should
be careful when comparing our findings to the results of
Towey et al. which are obtained with the aid of RMC and
data taken at room temperature, while we study deeply
supercooled samples. Nevertheless, it is striking that the
concentration xgly ' 0.5 where we observe a dynamical
change coincides with a structural change for the water
clusters in terms of percolation, while nothing dramatic
happens to the glycerol-glycerol network. An interpreta-
tion could be that water acts as a “lubricant”, reducing
the low frequency stiffness of the glycerol network.
In Ref. [22] it is noted that the dielectric spectra
obey time frequency superposition for glycerol concen-
trations above 0.55 while this superposition breaks down
at xgly = 0.55, and a clear high frequency mode appears
when the glycerol concentration is below xgly = 0.4. It
is tempting to ascribe this fast dynamics to the Johari-
Goldstein beta-process which is generally exhibited by
neat glass-forming systems near their glassy state. How-
ever, this high frequency spectral contribution is absent
in the complementary shear mechanical spectra. Since
the beta-relaxation generally is more pronounced in the
mechanical spectra than in the dielectric ones [50, 53, 54],
it becomes clear that this water-induced relaxation mode
cannot be regarded as a ubiquitous secondary process. It
has also earlier been suggested that the high frequency
dielectric shoulder is a signature of water-water dynamics
in aggregated water domains [22].
In water-alcohol mixtures in general hydrogen bond-
ing is known as a driving force for clustering in the liquid
and responsible of the limit of miscibility [64]; compared
to these studies in the low viscosity (high T) regime, the
effect of decreasing temperature will be to enhance the
phase separation. As the water concentration is increased
we expect that there are increasing concentration fluctu-
ations, and nano-segregation is likely to occur close to
Tg in the mixtures with high water concentrations. Fur-
ther structural investigations need to be considered for
the elucidation of this peculiar mixing behavior and its
connection with other anomalies of water-related mate-
rials.
V. CONCLUSION
In this work, we demonstrate the existence of a slow
rheological mode in neat glycerol. The slow relaxation
feature is similar to the suprasegmental dynamics seen
in dendrimers and we attribute it to the rearrangements
of the branced hydrogen-bonded network. To our knowl-
edge this is the first demonstration of hydrogen-bonded
network dynamics in a poly-alcohol, while similar signals
have been reported so far in monoalcohols only. The
slow mode becomes weaker when adding water, and dis-
appears quite abruptly at equimolar composition. This
corresponds to the water concentration where percolat-
ing water clusters appear according to RMC simulations
of neutron scattering data. We speculate that water acts
as a lubricant softening the modes of the glycerol-glycerol
hydrogen-bonded matrix. Our results underlines how dif-
ferent parts of the dynamics in hydrogen-bonded systems
are evident from different types of spectroscopy making
the use of complementary techniques imperative in this
field.
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